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Abstract 
In this paper we report on the optimisation of the optical characteristics of 2D-arrays of plasmonic gold nanoantennas (NA) that 
can be used as high sensitivity mid-infrared spectroscopic sensor for the detection of chemical/biological substances by using the 
Surface Enhanced Infrared Absorption (SEIRA) technique. This approach allows to detect the presence of a substance adsorbed 
on the NA by measuring its optical absorption under the conditions for which the maximum of the reflectivity response of the 
2D-array occurs at the same wavelength of the substance maximum absorption peak. In particular, by acting on the 2D-array 
periodicity, NA shape, size and thickness, numerical simulations of the 2D-array detection response, based on Finite Element 
Method (FEM), demonstrate that is possible to obtain an increase in the detection sensitivity of more than three orders of 
magnitude with respect to that one achievable if the same substance is deposited on an unstructured planar metal surface, 
independently from the wavelength at which the substance absorption occurs. Moreover, we present the results of an analysis of 
the dependence of the 2D-array maximum reflectivity and peak wavelength on the geometrical parameters characterising the NA 
and the 2D-array.  
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1. Introduction 
Plasmonic nanoantennas arranged in a 2D-array geometry (i.e., a functionalised metasurface) are generally 
deposited on a dielectric or semiconductor substrate. The metasurfaces have optical properties in the visible and 
infrared region of the electromagnetic spectrum that depend on the periodicity of the 2D-array as well as on the 
shape, size and metal film thickness of the basic constitutive element (i.e., the nanoantenna, NA). This allows the 
design of high efficient sensing devices with the capability to operate as optical bandpass and notch filters for both 
the transmitted and reflected light [1-3]. In this sense, the metasurfaces can be used as a probe of the presence of 
molecules of chemical and biological substances adsorbed on their surface and, in some experimental conditions, 
determine their molar concentration by using the Surface Enhanced Infrared Absorption (SEIRA) technique [4-7]. 
SEIRA is a spectroscopic technique that uses the property of the metasurface providing a reflection response 
depending on the wavelength of the impinging light that can be superimposed with the absorption curve of the 
adsorbed substance. In this case, the value of the metasurface wavelength reflection coefficient changes and this 
allows to identify the adsorbed chemical/biological species (i.e., the analytes). In this sense, some efforts have been 
done with the aim to prove that SEIRA is a high sensitivity optical technique allowing to detect the presence and 
related modifications of analytes covering the metasurface that represents the effective sensor for the spectroscopic 
technique [4,5,8]. Attempt to optimise the SEIRA detection sensitivity has been obtained through numerical 
simulations by varying the metasurface substrate and the 2D-array film thickness [9]. However, the reported 
increase of the SEIRA response depends on the thickness of the covering analyte that, in real situations, cannot be a 
priori evaluated. As a consequence, SEIRA seems to be not able to perform quantitative analysis but can reveal only 
the signature of the presence of the adsorbed substances. Despite of this attempt, no special efforts have been done 
to optimise the detection sensitivity due to SEIRA. One of the reasons is related to the fact that a change of the NA 
size, shape, metal film thickness and/or 2D-array periodicity results in a variation of the central wavelength λp of the 
metasurface reflection curve that must be always centred at the optical absorption wavelength λabs of the substance 
under analysis. In this paper, we address this problem using a general approach to design efficient plasmonic NA 
that enable to achieve high sensitivity SEIRA-based sensors at any fixed wavelength λp=λabs. COMSOL 
Multiphysics simulations of the detection response of these sensing devices accurately demonstrate an increase of 
the detection sensitivity of more than three orders of magnitude with respect to the absorption of the same substance 
deposited on unstructured planar metal surface. Furthermore, we present an analysis of the dependence of the 2D-
array maximum reflectivity and peak wavelength on the geometrical parameters characterising both the NA and the 
2D-array. 
2. Results and discussion  
In general, among the possible different NA shapes that can be taken into account [1], in the following we report 
the results for 2D-arrays of gold NA rods and crosses that present the very simple geometries as shown in Figure 1 
(on the left panel). The unit cell is composed by a single NA rod or cross and is illuminated by a planar wave at 
normal incidence having a linear polarisation parallel to the NA rod axis and a circular polarisation for the NA cross 
geometry. The 2D-array was simulated by using periodic boundary conditions on the unit cell along the x and y axes 
and the scattering boundary conditions along the electromagnetic wave propagation direction (i.e., the z axis). At 
any point of the unit cell above the metasurface, the calculated value of the total electric field Et contains the value 
of the incident electric field E0 and that one of the electric field Er reflected/diffracted back from the metasurface. 
Thus, the effective reflected electric field is calculated by subtracting the Cartesian components of the incident 
electric field to those ones of Et. As a consequence, the reflected light intensity for each point of the unit cell has 
been calculated as: 
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Moreover, the intensity of the light reflected back from the metasurface for each wavelength is the average over the 
entire unit cell. Figure 1 (on the right panel) reports the results of the numerical simulations showing the calculated 
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gain in the detection of a 20nm thick absorbing substance deposited on the NA 2D-array surface obtained applying 
the SEIRA technique with respect to the absorption of the same substance deposited on planar metal surface. For 
these calculations we have chosen an arbitrary value of λabs=λp=9.6ȝm. These results demonstrate that the increase 
of the SEIRA gain is obtained for both NA rods and crosses by decreasing the 2D-array periodicity (i.e., by 
approaching the NA each others). On the other hand, Figure 2 shows how the metasurface film thickness must be 
varied to maintain fixed at λp=9.6ȝm the maximum of the metasurface reflectivity curve when the 2D-array 
periodicity is decreased to maximise the SEIRA gain, as shown in Figure 1 (on the right panel). In order to 
understand how variations of the geometrical parameters of the unit cell can affect the metasurface reflection peak 
and the related central wavelength λp, a series of simulations were performed by varying, once a time, length, width 
and film thickness of the rods as well as the 2D-array periodicity. In Table 1, the results of these simulations are 
summarised and demonstrate how the increase of each geometrical parameters affects the metasurface reflectivity 
and its central wavelength λp. 
 
 
Fig. 1. On the left, the elemental cells of the NA 2D-arrays and their main geometrical parameters: rods and crosses.                                
On the right, the gain of the SEIRA effect as a function of the periodicity of the 2D-array. 
 
Fig. 2. Variation of the NA thickness as a function of the 2D-array periodicity to maintain fixed at λp=9.6ȝm                                      
the peak of the metasurface reflectivity response. 
Table 1. Qualitative behavior of the dependence of the NA 2D-array reflection curve peak value and central wavelength from                         
the variations of the main geometrical parameters of the rods and crosses listed in the first column. 
Rod/cross parameter Change of the parameter Metasurface maximum reflectivity at Ȝp Metasurface central wavelength Ȝp 
Length (L) Increase Increase Increase 
Width (W) Increase Increase Increase 
NA film thickness (s) Increase Increase Decrease 
2D-array periodicity (a) Increase Decrease Increase 
2D-array periodicity (b) Increase Decrease Increase 
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Finally, in Figure 3 we report the variations of the metasurface reflectivity peak and central wavelength λp as a 
function of the value of the metasurface thickness. The results show that an increase of the metasurface thickness 
from 20nm to 50nm provides the variation of about 4% of the reflectivity maximum value. However, the variation 
of the metasurface thickness is quite important on the resulting value of λp and this is a signature of the accuracy 
that can be done in measuring the thickness of the metal surface used to fabricate the NA 2D-array. 
 
 
Fig. 3. Metasurface reflectivity and its central wavelength λp as a function of the variation of the metasurface thickness. 
3. Conclusions 
In this paper, we have shown that the sensitivity in detecting the presence of substances adsorbed on 
metasurfaces operating as SEIRA-based sensing devices, can be optimised by varying the 2D-array periodicity, NA 
shape, size and film thickness. We demonstrated that it is possible to achieve an improvement of the sensitivity up to 
three orders of magnitude with respect to the response obtained using an unstructured planar metal surface. 
Furthermore, we have shown how, by changing the geometrical parameters that characterize the NA and the 2D-
array, it is possible to change the maximum value of the metasurface reflectivity and its correlated central 
wavelength. The study of these metasurfaces opens the possibility to obtain optical sensing devices able to detect 
very low quantities (i.e., molar concentrations) of chemical/biological substances resulting suitable for remote 
sensing applications. 
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